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Side-Chain Crystallinity. V. Heats of Fusion
and Melting Temperatures on Monomers Whose
Homopolymers Have Long Side Chains
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Eastern Marketing and Nulrition Research Division, Agricultural Research
Service, U.S. Department of Agriculture, Philadelphia, Pennsylvan%a 19118

Synopsis

Heats of fusion and melting temperatures were obtained for selected monomeric
n-alkyl acrylates, N-n-alkylacrylamides, and vinyl esters. The corresponding thermo-
dynamicparameters for homopolymers, derived from these monomers, had been reported
previously from this laboratory. The «-hexagonal crystal modification was indicated
near the melting point for the higher n-alkyl acrylates, but a g form was stable at low
temperatures for the entire series. - The magnitude of the heats of fusion indicated 8
polymorphs for vinyl esters in support of x-ray diffraction analysis from the literature.
Because hexagonal crystal geometry prevailed in all reported homopolymers having long
side chains, greater emphasis was placed on thermodynamic data for monomers exhibiting
this crystal modification. Accordingly, a convergence temperature was estimated sta-
tistically for the «-hexagonal crystal modification of these systems and appropriate lit-
erature values of the n-alkanes and ethyl esters. The convergence temperature was
computed to be 135°C, uncorrected for the entropy of disorientation. Theanomalously
large interfacial end-packing-defect energy of the poly(n-alkyl acrylates) and the poly-
N-n-alkylacrylamides was shown to be associated with a high energy barrier to molecular
transport in the melt as the vitreous state was approached. In support of this conclu-
sion, similarity of the glass and melting transition temperatures of these homopolymer
homologs occurred near their critical side-chain lengths, below which the homopolymers
are amorphous. A special critical requirement of nucleus length was not indicated from
rough estimations of nucleation parameters for the poly(n-alkyl acrylates). These find-
ings lent increased, but still not unqualified, support to an x-ray diffraction study from
the literature. The latter had specified the inclusion of the entire side chain and the
main-chain units in the crystal lattices of the higher poly(n-alkyl acrylates).

INTRODUCTION

Previous publications of this series have presented some limited thermo-
dynamic data on the crystallinity conferred by polymeric units having
paraffinic branches. Studies were confined to the crystallinity present in
homopolymers! and copolymers,? in which crystallinity developed in units
having more than a critical side-chain length. Also studied was the in-
fluence of this crystallinity on the glass transition® and mechanical proper-
tiest of selected copolymers. In this investigation, some thermodynamic
quantities are compiled for the monomers used to prepare the polymers



studied in the above series. These data should complement x-ray studies
of the crystal state of vinyl stearate®® and more recent diffraction measure-
ments on the higher n-alkyl acrylates” More importantly, they should aid
in elucidating the as yet elusive nature of the crystal packing in homopoly-
mers derived from these monomers, Before proceeding, however, a brief
review of the existing state of knowledge of this area would appear useful,
in view of recent, and somewhat conflicting developments.

The heats of fusion and. melting points of homologous poly (n-alkyl
acrylates), pOly—N—n—alkylacrylamides, and poly(vinyl esters), were mea-
sured, in a previous study,! by differential scanning calorimetry. It was
tentatively concluded that crystallinity resided only in portions of the side
chains present beyond a certain critical length; the remaining side chains
and main-chain units were considered to be amorphous. The eritical length
varied between 9 and 12 carbon atoms in the bulk homopolymer, depending
on the flexibility of the main-chain structure. Evidence for the partial
erystallinity of each unit came from the isomorphic nature of mixtures of
functionally different, homopolymers, and from then narrowing of the calori-
metric scanning peaks, as the side-chain length increased in any series.
The anomalously large energy requirement for packing chain ends, found
for all of the homopolymers, seemed to preclude packing of units along the
length designated amorphous, because there should be no extra energy re-
quirement for packing groups terminating as methylene. The insertion of
the main-chain units seemed to be excluded in view of the behavior of
highly isotactic l-octadecene, where both the main chain and side chain
were incorporated into the crystal lattice. This packing yielded a higher
melting point (~71°C)8 than was found when these systems were quenched?
or were largely atactic.® The atactic homopolymer® melted at 41°C; close
to the melting points of many structurally varied C;g—Cyg homopolymers. 9—14
Plasticization of stiff homopolymers by a nonsolvent! raised heats of fusion
and melting points, suggesting increased participation of methylene groups
in the crystalline array. Of special significance, a long spacing for poly-
(vinyl stearate)® of about 27 A seemed to prohibit the incorporation of total
side-chain length and main-chain units into crystalline structures.

Work recently published?s. 1 however, is considerably at variance ‘with
the interpretation of limited crystallinity. Flexible Cyg poly (n-alkyl
acrylates), whether atactic or significantly isotactic, were §hown to have a
long spacing in x-ray diffraction measurements of about 47 A. This finding
was entirely compatible with a lattice including complete side chains, It
even suggested the inclusion of main-chain units. Side chains appeared to
be packed in a two-layered structure, the chains having a configuration
normal to the main chain units, When the main-chain units were bulky,
as in the higher poly (n-alkyl methylacrylates), main chains were staggered,
resulting in lowered heats of fusion and melting temperatures, with the con-
comitant exclusion of some strands of side-chain methylengs. Of special
importance, no amorphous halo was found for the poly (n-alkyl acrylates),
thus supporting the previous finding on poly (vinyl stearate).” These data
suggested that homopolymers with flexible long side chains were almost



entirely crystalline. The inclusion of nearly all repeating units in erystal-
lites had been previously estimated! from measurements of the heats of fu-
sion obtained by using diluents.

Among areas of agreement, all investigators!®156 have presented evi-
dence that the side chains are arranged normal to the main chain in the
a-hexagonal modification characteristic of certain paraffins at their melting
point.’® This packing persists at all undercoolings and remains the stable
form at the melting point. In addition, no single work has established the
presence of main-chain units in the lattice. However, in view of the find-
ings of Jones® and Aubrey® on l-octadecene, the exclusion of main-chain
units of the polyesters and amides seems to be indicated, at least for atactic
or only partially isotactic structures. In view of the new information from
the Russian literature, several questions remain concerning the available
thermodynamic data.'! These relate to the abnormally large interfacial
energy term for the end packing. This energy can be identified with the in-
tercept of the plot of heat of fusion against side-chain length in homopoly-
mers.! The possibility that this energy can be related to a requirement of
critical side-chain length is obvious. Whether the critical length is as-
sociated with an insurmountable energy barrier to nucleation or whether it
is identifiable with transport properties of the melt deserves consideration.
Information on this point may be more properly deduced from knowledge of
the interfacial term for the corresponding monomers having the same crystal
packing.

The purpose of the present work was to determine the heats of fusion,
melting points, and the derived entropies of fusion for the same vinyl
monomers whose homopolymers were previously studied. Thus, selections
of monomers from the homologous n-alkyl acrylates, N -n-alkylacrylamides,
and vinyl esters were investigated. Emphasis was placed on the a-hexag-
onal transition (ax — [) of the monomers, when present, because of its rele-
vance to the solid-state structure of the homopolymers. Additionally, data
from the literature on alkanes or ethyl esters, having this crystal form stable
at melting, were introduced. Parameters, yielding a common convergence
temperature by the procedure of Broadhurst,!® for the hexagonal crystal
form of these systems, was estimated Dby statistical means. Finally,
through a comparison of roughly estimated nucleation parameters, derived
from a partitioning of the interfacial term of the poly (n-alkyl acrylates),
with the relative stiffness of the melts at varied chain lengths, a rational
explanation of the critical side-chain length required for crystallization was
attempted. This accomplished, greater harmony was found in the interpre-
tation of results from differential scanning calorimetry™? and from x-ray
diffraction. 1

EXPERIMENTAL
Monomers

n-Octyl acrylate, vinyl n-octanoate, and vinyl decanoate were from com-
mercial sources; their purities by gas liquid chromatography, GLC, were



97.7%, 97.5%, and 96.19, respectively. The preparation and purification
of the other monomers has been reported.’  Purities of these by GLC were
about 9997, except for tetradecyl acrylate, 84.69, and N -n-docosylacryl-
amide, 85.897,. Purity of each of the monomers used in this study was
within the experimental error of elemental analysis. The influence of the
impurities (largely nearest-neighbor homologs), when present in individual
monomers, was reduced through statistical averaging on plotting the avail-
able data.

Calorimetric Procedure

The procedures previously deseribed! were followed here, with exceptions
as discussed below. The initial deflection of the melting endotherm from
the base line was taken as the melting temperature 7',,, because the scanning
curves were sharp. This procedure tended to compensate for errors intro-
duced by the high scanning rate! of 10°C/min ; in the case of a few broader
curves, peak maxima were taken as marking T',,. While melting points are
reported for bulk samples, negligible differences were found between the
melting of bulk and crystallized samples. Polymorphic transformations of
the higher n-alkyl acrylates and N -n-alkylacrylamides (discussed below
in the text) presented difficulties in interpretation of the scans. Melting of
the crystal form stable at low temperatures decreased the areas of some of
the scans. In some cases, especially with the n-alkyl acrylates, this effect,
when present in melting endotherms, was absent on freezing. The melting
curves could then be corrected. In the N-n-alkylacrylamides corrections
could be applied from the shape of the observed depression in individual
scans, coupled with correlations from freezing curves, and from the pattern
of behavior of near neighbors in the series. Because of the problems intro-
duced by the premelting of polymorphs, uncertainty of some of the data is
reflected in the experimental scatter of their plots.

Refractometric Procedure

Refractometric procedure was as previously described. !

Computations

An IBM 1130 computer was used for most of the calculations and curve
fitting. Convergence temperatures and related parameters were obtained
by transforming the variables of the appropriate equation [eq. (3)] for fit-
ting by a linear least-squares program, which computed the parameters and
tested them for significance by an analysis of variance.

RESULTS AND DISCUSSION

Heats, Entropies of Fusion, and Melting Points

The thermodynamic data are presented in Table I for all of the systems
considered in this investigation. For comparison, thermal data from the



literature are included on the a-hexagonal crystal modification of ethyl
esters.?* The entropy quantities are smoothed data, as discussed below.
The melting points were obtained by both differential scanning calorimetry
and by a careful capillary method involving use of small samples at low heat-
ing rates.?! The latter were considered to be as accurate as the heat of fu-
sion measurements. A few melting points obtained by refractometry at
relatively low heating rates (1°C/30 min)* supported the capillary results.

Limited x-ray studies have been conducted by other investigators on cer-
tain of the monomers studied in this paper. Vinyl stearate has been shown
to be monoclinic at —45°C, with an orthohrombic subcell,® but density-
temperature measurements show metastable 8 forms near room tempera-
ture.s The 8 form is stable at melting,>~7 however. The n-alkyl acrylates
(Ci6, Crry Crs) were B-triclinic, but an a-hexagonal modification was stable
to about 10°C below the melting point.” However, the 8 form persisted to
melting. No crystallographic data apparently exist for the N-n-alkyl-
acrylamides.

In this work, single calorimetric peaks, both in freezing and melting,
were found for all of the vinyl esters, thus supporting the conclusions from
the diffraction studies. The hexagonal modification was encountered in
the higher (n = 17-25, Table I) n-alkyl acrylates on cooling a little below
T,., even at a scanning rate of 10°C/min. However, the transformation
to a 8 form (presumably B-triclinic) was reversible on melting, at the same
heating rates. Consequently the melting points in Table I are for the
hexagonal modification. Impurities in the monomers, which tend to stabi-
lize hexagonal structures,®** may have affected the transformation. A single
peak in both freezing and melting was found for the lower acrylate members
in Table I. Because the energy changes with n were continuous with data
for the B-crystal form of the higher members, the g-triclinic modification
can be considered characteristic of these monomers also. Single peaks in
freezing and melting were also found for the lower N -n-alkylacrylamides
(n = 7-17), but for the higher members the melting curves were doublets,
split by an accompanying exotherm. Freezing curves for the higher mem-
bers were multipeaked, suggesting complex morphology. The overall en-
ergy change (corrected for exotherms) was used to calculate the heats of
fusion of the N-n-acrylamides in Table 1. Energy changes for all of the
amide homologs were continuous functions of carbon length, so that a low-
temperature g-crystal form prevailed through the series. Asa check on the
resolution of the energy changes of the polymorphs in Table I, values of the
transformations of ethyl stearate were determined by the same procedures
used for the monomers. The literature®® values were obtained.

The relationship between the heats and entropies of fusion and the car-
bon-chain length, n, fit the equations

AH /(cal/mole) = AH . + an (1)

AS /(cal/mole-deg) = AS; + Bn 2)
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where « and @8 represent the contributions of each added methylene group to
the heats of fusion and entropy, respectively. In this paper n denotes
the total carbon length; n, is the carbon length of the alkyl group. The
negative interfacial energy terms AH 7e and AS;, express the defect energy
for packing chain ends, because of reduced van der Waals interaction in the
planar regions.?2:22  Values of the parameters are given in Table II. The
negative enthalpy term increased as methyl was replaced by the bulkier
functional groups of the series. Greater defect energy was found for the
hexagonal modifications than was observrd for those forms having tighter
crystal packing. Tighter packing is also associated with the large values
of @, as can be seen. The anomalously large AH,, for the poly (n-alkyl
“acrylate) is characteristic of the homopolymers derived from these mono-
mers." This will be considered in the sections below. The value of « for
the vinyl esters was similar to that of the higher n-alkanes® for 7, between
11 and 13 (867 cal/mole CH,). This value for the n-alkanes was found by
the same curve-fitting procedure used for the data in Table II. Both sets
of compounds have an orthorhombic subcell .18
The melting points for each series (necessarily equal to AH 7/AS;) were
greatly influenced by the magnitude of the entropy parameters of Table I1.
When 8 was large and AS se Small, melting points tended to be low. This
was true for the vinyl esters and the melting of the 8 form of the acylates.
In contrast, hexagonal melting for both monomeric and polymeric n-alkyl
acrylates was largely determined by the large value found for AS 7¢; 1n the
polymers this even overcame the influence of AH,, and produced higher
melting points than were found for the parent monomers. In analogous
fashion, small entropy values for the N-n-alkylacrylamides (specified by
large AS;,) and their relatively large enthalpy values (from small AH,,)
were responsible for the higher melting points found. These data suggest
that a low liquid-state entropy determined the melting in both the acrylate
polymers and in the amide monomers, This phenomenon was further re-
flected in the entropies computed on the basis of calories per bond in Table
I. Here amide values were as low as those for the esters of hexagonal habit
but drifted upward as the polar end unit was successively diluted by increas-
ing numbers of methylene groups.

Convergence Temperature of the Hexagonal Modification

It has long been known, principally from the work of Garner and co-
workers?*=2 and in reviews of subsequent work, 2,29 that, the melting points
of alkane chains substituted at only one end converge to a common value,
as the carbon chain becomes infinitely long. This is essetially the melting
point of a erystal composed of fully extended chains of linear polymethylene.

The relation ; which assumes linearity in both enthalpy and entropy, as fune-
‘tions of n, has the form

Tn = (MHye + on)/(ASse + Bn) = Too(n + a)/(n + b) ®3)
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where T, = a/Batn — o is the convergence temperature and a and b are
constants. = Equation (3) applies only to crystals of the same geometry.
While linearity with n for enthalpy is generally recognized,'*:?2 linearity of
entropy with n is impossible,?? even when the temperature dependence of
T o is considered.!s A correction term, based on consideration of the en-
tropy of destruction of layered packing,?? can be applied, but its application
requires extensive experimental data,2* In spite of these shortcomings, eq.
(3) should be accurate over a wide range in the experimental region, and
yield melting points low by only a few degrees, as T'mo is approached at large
n.  Because information on the melting temperature of the hexagonal crys-
tal modification over ranges of n is relatively scanty, except for some data,
on n-alkanes,™ eq. (3) was applied to the capillary (or refractometric ) melt-
ing temperatures of Table I.

Valuesof a, b , and 7, for the hexagonal modification of each set in Table
I were obtained by least-squares curve fitting. Values of T'mo for each se-
ries fell close to the value (408.0°K) resulting from the abundant data on
n-alkanes compiled by Broadhurst.s Consequently, T, was set equal to
408.0°K and values of ¢ and b were recomputed for the other systems.
Values of the parameters are given in Table II. The convergence tempera-
ture for hexagonal packing is only hypothetical; hexagonal polymethylene
is unknown. However, the value of 408.0°K lies close to that predicted if
one extrapolates limiting free energy of fusion-temperature curves reported
for hexagonal n-alkanes.?s Ag g check on the computing program, melting
points (8o — 1) for the n-alkanes were curve-fitted in the range n = 11
through 100 (by using calculated values for n <44);** parameters equal to
those obtained by Broadhurst!® resulted. Included in Table II are param-
eters of the vinyl esters and the N-n-alkylacrylamides. Here T o Was ob-
tained in the computation. Comparison of calculated and found values is
presented for the a-hexagonal transition in Table III. Agreement was
close, lending support to the utility of the parameters of Table II for esti-
mating T, over considerable ranges of n with reasonable accuracy. - Such
computed melting points were consequently used with enthalpy data [cal-
culated by eq. (1)] to calculate the entropy values listed in Table I.

Nucleation and Transport Properties of the Poly(n-Alkyl Acrylates)

As discussed in the introduction, recent x-ray information has sug-
gested’®!s that the side chains in the higher poly(n-alkyl acrylates) are
entirely crystalline. One of the difficulties with the model proposed
by the Russian workers is that the planar interfacial regions are considered
to be composed of methyl groups. As can be seen from the value of AH,,
for n-alkanes (Table II), the defect energy for this end packing in the hex-
agonal crystal is relatively small. However, that for the poly (n-alkyl acryl-
ates) is large. Joness considered this same model as possible for the type 1
crystal structure of the isotactic higher 1-alkenes. However, she suggested
the main chains as constituting regions of chain ends. This proposal should
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produce greater defect energy than that found for alkanes because of the
volume requirement of the main-chain helices. However, when the main-
chain units are considerably bulkier, as with atactic poly(n-alkyl acryl-
ates), it is even questionable whether they are present in the crystallites.
In any event, their role in producing planar defects would seem to be at least
as great as that of the polymerizable group of the corresponding monomers.

These considerations indicate the importance of considering the relation
between the large interfacial energy (AH,,, Table II) of the homopolymer
homologs and the critical carbon-chain length per unit required before crys-
tallinity commences. This will be considered in the sections below. An
effort will be made to ascertain whether this enthalpy quantity is associated
with transport properties of the melt, or whether it arises as a critical di-
mension limitation in the nucleation process. Because only very limited
data is available for the computation of the nuecleation parameters, these
must be considered only rough approximations; the sole purpose of their
estimation is to detect, qualitatively, any trends that might specify a criti-
cal side-chain length for stable nucleation.

By classical nucleation theory,=33 the homogeneous rate of formation of
a stable primary nucleus from an embryo is governed by two activation
processes. Thus, an appropriate relation is

I = NkT/he—AFp*/kTe—AFf*/kT (4)

where I is the steady-state rate of primary nucleation. The quantity AF *
is the free energy for transport of molecules over a short distance to the sur-
face of the embryo or nucleus. The other activation parameter, AF *, de-
fines the energy barrier to forming a nucleus of a critical size. Other quan-
tities in eq. (4) are Boltzman’s constant k, Planck’s constant %, and Avo-
gadro’s number N. The transport process, being proportional to the vis-
cosity of the melt,34.3 becomes important at low temperatures. This is es-
pecially true in polymers, in the vicinity of their glass transition tempera-
tures, where steady-state activation no longer applies.® On the other
hand, the critical energy barrier to nucleation AF /¥ dominates only at rela-
tively small undercoolings. Consequently, because of the competition ex-
pressed by AF,* and AF /¥, the rate of nucleation passes through a maximum
as temperature is lowered.

On the assumption that the interfacial enthalpy term for the poly (n-
alkyl acrylates), AH,,, contains a contribution to the enthalpy of nuclea-
tion, the intercept of eq. (1) may be partitioned as follows

Aer = Aan + A}I/eM + AerR (5)

where AH ,, is the enthalpy of nucleation, AH sem the energy of packing the
methyl-terminating endgroup and AH ;g the energy of packing the bulkier
group at the other end of the molecule. If AH, is small for simple ¢com-
pounds, AH , for the n-alkanes in Table IT may be approximated by 2AH ;om
while AH,, for the ethyl and acrylate esters is the sum AH rem + AHgog.
The minimum earbon-chain length of the unit required for nucleation in



the acrylate homopolymers may be assumed to be the value of n at AH, =
0. This quantity, n*, is given by?

n* = Aer/Ot (6)

The starred quantities will be designated “critical”’ quantities in this dis-
cussion. The energy assumed to be associated with the nucleation process
in the poly (n-alkyl acrylates) is, therefore

AH,, = AHjepoa —AH 760A O

where POA and OA represent poly (octadecyl acrylate) and monomeric
octadecyl acrylate, respectively. This quantity is —2815 cal/mole CHa.
If crystallinity resides in only the total length of the side chains of any
homologous series of homopolymers, 1 a convenient factor may be defined
as

—f= (AH 7o/ AH ;)pos = —0.2918 @®

The enthalpy of fusion of each side-chain methylene group [« in eq. ],
expressed in ergs/cm?, may now be corrected for the energy of nucleation
by :

AH,, = —fAH o/ [(f/BH o/ @)Vl + @/ Vi 9)

where AH . is the corrected enthalpy and f* is another factor, which reduces
the intercept AH ;. of the unit-chain-length relation, eq. 1), to a value
relating to side chains only.! The factor f’ is given by

' = (14.026n + 1.01)/MWunis (10)

and V , is the volume fraction of a methylene group (16.17 em? /mole).%

With the nucleus geometry considered as a cylinder. with the length Io
fixed®® by the contour length of the side chains [(n,/2) 2.54 X 10~ cm] and
with a variable critical radius r* for the free-energy surface,3 the expres-
sions derived by Hoffman® were used. These described the analogous case
of a nucleus length, fixed as the radius varied, over a confined range of un-
dercooling. The expressions used to calculate the nucleation parameters,
listed in Table IV, are®

AF, = AH;(AT/Ty) 11)
r¥ = 8,/AF, (12)

5, = lAF /A0 (13)
AF* = wlpd,®/AF, (14)

where AH . is from eq. (9); AF s the corrected free energy of fusion, in -
ergs/cm3; J, the side free energy of the cylinder, is taken as 9.64 ergs/cm?
(as was calculated for n-octadecane and used as the side-surface free energy
of polyethylene?®), and 3, is the end-surface free energy, in ergs/em?. The
undercooling AT was an average value, 8.8°C for the poly (n-alkyl acry-
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lates). It was the temperature difference between the melting point and
freezing point at the experimental scan rate of 10°C/min. Deviation from
this value for individual polyesters were small. The undercooling AT for
the parameters of the n-alkanes in Table II [calculated by using eq. (9]
was taken as 12°C; this is the approximate temperature of the isothermal
rate maximum found for certain n-alkanes.® In view of the large tempera-
ture coefficient for the nucleation of n-alkanes, the error in this arbitrary
gelection is thought to be small. Included in Table 11, for comparison
with other reported data,* are the saddle-point surface-iree-energy param-
eter 5,20, and the mean interfacial-free-energy term 5. Again, for purposes
of comparison, the poly (n-alkyl acrylates) and n-alkanes were taken at
gimilar values of (n* + n).

The parameters in Table IV are all reasonable values,®#%% even though
5, may be a little large (~0.5 erg/cm? has been estimated for some com-
pounds®). The upward drift in 8 with side-chain length in both systems
probably resides in the uncertainty in AT; small changes in the undercool-
ing with change in n would compensate for the drift. Both the homopoly-
mers and n-alkanes have similar values for the parameters, even though the
difference in carbon lengths of the two systems is about 8 methylene groups.
The significant fact to emerge from these approximate values is that no spe-
cial tendency toward intrinsically unstable nuelei or unrealistic radii sizes
are to be found as the critical length (n* — n = 0) is approached. Conse-
quently, a critical side-chain length, below which nuclei would be unstable
at all undercoolings, is not specified. These data suggest that lowered
rates of diffusion to nucleus sites may be responsible for the retardation of
crystallization for chains shorter than n*.

Figure 1 shows 2 plot of the glass and melting temperature for the poly-
(n-alkyl acrylates) versus their side-chain length 7. T, values are from an

400 T T T T T T T
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Fig. 1. Plot of the glass transitions T, and the melting temperatures T'm for the homo-
logous poly(n-alkyl acrylates) vs. the number 7 of methylene groups (including terminal
methyl) in the side chain. The temperature difference between the melting curve and
the T, curve at the critical side-chain length below which erystallinity is absent in homo-
logs, s, is indicated by the double arrow. Melting points were calculated by using

eq. (3).
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Fig. 2. Plot of the glass transitions T, and the melting temperatures, 7,, for the homo-
logous poly(N-n-alkylacrylamides) vs. the number #, of methylene groups (including
terminal methyl) in the side chain. The temperature difference between the melting
curve and the T', curve, at the critical side chain length below which crystallinity is ab-
sent in homologs, n.*, is marked by the double arrow. '

earlier study.® The curves tend to intersect in the neighborhood where 7, *
~9.2 (double arrow). This is the value of 7 of homologs below which
crystallinity has been shown to be absent.! Similarly, in Figure 2, melting
points and glass transition temperatures approach closely at n, of 12 for
the &. -n-alkylacrylamides. For this system 7,* is 12.1 The difference be-
tween T, and T, is greater for the acrylates than for the N-n-alkylacryl-
amides (relative heights of the double arrows in Figures1and 2). Tt is per-
tinent that the extent of crystallinity at n’, — n* = 2.8 was higher for the
polyacrylates than for the poly (N -n-alkylacrylamides).! The plots consti-
tute strong evidence that the observed retardation of nucleation in the ho-
mopolymers having long side chains is produced by a high energy barrier to
molecular transport [AF,*in eq. (4)] rather than by a critical dimension re-
quirement for nucleation (AF /* in the same equation). The anomalously
large interfacial energy term (AH,, Table II) of eq.(1), consequently, ap-
pears to arise as a defect, energy associated with a retarded rate of molecular
diffusion as the glass transition is approached. The temperature of the
approach to the vitreous state is controlled by the free volume available in
polymeric systems of varied structures. Thus restrictions on movement of
the side chains, imposed by stiffness in the main chains of homopolymers,
appear to determine the critical side-chain length required for effective
nucleation, This, in turn, governs the increase in magnitude of the inter-
cept in eq. (1) for any given polymer structure relative to its monomer. It
may be concluded that inclusion of total side chains in crystallites, as is
clearly specified in recent literature, .16 produces an additional reduction in
internal energy associated with a barrier to molecular transport, over the
defect energy of packing groups larger than methylene. Consequently, the
inclusion of all groupings in the polymer unit are not energetically excluded
from erystallites provided the critical side-chain length has been exceeded.
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Fig. 3. Influence of side-chain crystallinity on T for the homologous poly(n-alkyl
acrylates), (—) plotted as T'g vs. the weight fraction ws of side chain per homopolymer
unit; values of T, for the crystalline homopolymers were calculated by using eq. (15);
(A) literature values of T,.# Comparison is shown with (- -) data for copolymers of
n-octadecyl acrylate and methyl acrylate? plotted as the weight fraction of n-octadecyl
acrylate wp; (...) caleulated for the poly(n-alkyl acrylates) by using eq. (16). Arrows
indicate the T'; of (top) amorphous poly(n-octadecyl acrylate); (bottom) polyethylene.

Opposing the inclusion of main chain units, however, is the seeming iso-
morphic behavior of homopolymer mixtures and the other evidence dis-
cussed in the introduction.

Effect of the Glass Transition on the Development of Side-Chain
Crystallinity in Homopolymers and Copolymers

The rate-controlling limitation imposed by difficulties in molecular
transport, discussed above in connection with homopolymers, seemed to
apply equally well in determining the onset of erystallinity in copolymers.
‘This may be seen from the plots in Figure 3. The solid line is a plot of the
glass transition temperature for the poly (n-alkyl acrylates) versus the
weight fraction of the side chain of each homolog ws. The T, values are
from a previous paper;? those at the right (ws > 0.6), in the region where
gide-chain crystallinity is causing the apparent T', to rise, were computed
from the empirical equation

T, =Tn,— 12° (15)

This relation was obtained, partially, by 2 correlation of onset temper-
ature for poly(n—octadecyl acrylate)® with an averaging of the onset tem-
peratures of the fusion curves for other homopolymers exhibiting side-chain
crystallinity. Literature values of T ,,% shown in the figure as triangles, lie
close to theline. These lend support to the validity of eq. (15)- The value
of T,at w, = 1.01sfor hypothetical hexagonally crystallized polymethylene.
This plot may be compared with one (dashed line) for copolymers of n-0c-
tadecyl acrylate and methyl acrylate.? The T, values are plotted here



against the weight fraction of n-octadecyl acrylate, designated Wy. The
superficial resemblance of the two curves is obvious. Thus, the onset of
crystallinity oceurred in both systems at w, or w, of 0.5 or 0.6, In a pre-
vious publication? it wag demonstrated that the onset of erystallinity, due
to units of n-octadecyl acrylate in copolymers, was a function of the specific
vitreous state of the copolymers; the lower the glass transition, the smaller
the value of w, required to initiate crystallinity. Generally the critical
temperature difference (Tw* — T,* below which crystallinity is pre-
vented? at all undercoolings is 25-40°C, Again, a common requirement of

extending these principles to the case of simple n-alkanes, their weak glass-
forming tendency?®~3 can be associated with the excellent mobility of their
melts at all but the most extreme undercoolings. Thus, free, short-chain
linear alkanes can be considered to represent the limiting ease of the be-
havior of alkane side chains, restricted in their movement by attachment to
polymeric main chains,

An empirical equation was described in-a previous publication? for pre-
dicting the T, of copolymers containing n-octadecyl acrylate, over all com-
positions. It satisfactorily expressed the rise in apparent T ¢ as side-chain
crystallinity developed. The equation was

T, = weT g + [wy” + (w,” — wc/0+k‘wb)]Tab + (wclc-f-k"wb)Tﬂc (16)

where Ty, is the T ¢ of the amorphous homopolymer 7, is the glass transi-
tion of the amorphous state of the unit exhibiting side-chain crystallinity,
and T',,is the observed glass transition. ( and ks were constants having the
values 4.0 and —4.0, respectively. The weight fraction of amorphous
homopolymer is w,, and Wy = wy’ + w,". The weight fraction of crystal-
lizable comonomer is Wy, and w,” and w,’ are the portions of w, that are
amorphous and crystalline, respectively. These quantities are related to
the ratio of the actual extent of crystallinity, to the maximum possible at
equilibrium,? ./ Z¢,max, by the relations

wc, = [(xc/xc,max)O + Awb + Bwb2]wb (17)
=1 — .

For stiff amorphous homopolymers, @e/Te,mar)o, A, and B were 0.1030,
—0.3567, and 1.290, respectively. This equation [eq. (16) ], applied to the
data for the homopolymeric poly (n-alkyl acrylates), with w, replaced by
Ws, 18 shown as the dotted line in the figure. For this calculation T,, was
taken as 300°K, 7' o, the value accepted for hypothetical linear amorphous
polyethylene, —130°C1t (lower arrow in the figure) and 7', is from the con-
vergence temperature, 408.0°K, through eq. (15), giving 123°C as T ge
Agreement with experimental values is cloge enough to indicate the general
utility of this equation in predicting the T, of copolymers and homologous
homopolymers in the amorphous region, as well as apparent values as T,



is influenced by the development of side-chain erystallinity. This agree-
ment again emphasizes the common origins of the morphological behavior
of systems containing long side branches.

SUMMARY AND CONCLUSIONS

Heats, entropies of fusion, and melting temperatures were obtained for
three homologous series of monomers. Comparison was made of the ther-
modynamic data with similar data for homopolymers reported previously.
Because the hexagonal crystal geometry prevails in homopolymers, mono-
meric systems exhibiting this crystal structure were more extensively
studied. In keeping with this purpose the useful range of the data was ex-
tended by obtaining convergence temperatures for hypothetical hexagonal
linear polymethylene for all systems exhibiting this crystal form at melting.
The metastable hexagonal convergence temperature was estimated to be
408.0°K for these systems. The effect of stiffness of the melt on the diffu-
sion of segments to a crystal nucleus was considered to determine the eriti-
cal side-chain length required for the onset of crystallinity. Diffusional
factors appeared to determine the onset of crystallinity of both homopoly-
mers and copolymers at all undercoolings. These imposed an additional
reduction in internal energy in homopolymers. Consequently, the inclu-
sion of total side chain and main chain units in crystallites, specified by re-
cent x-ray data from the literature, is not energetically excluded, provided
the critical side-chain length has been exceeded. However, the extant
thermal data still seem to exclude main-chain units from crystallites.
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